In this work, we have successfully synthesized a set of titania photocatalytic nanocomposites by the incorporation of different TiO 2 content on wheat bran residues. The obtained catalysts were characterized by different techniques including UVeVis spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Transmission Electron Microscopy (TEM) while their photocatalytic activity was investigated in the oxidation of benzyl alcohol under UV light irradiation. Benzaldehyde yields were ca. 20%, with conversion in the systems of ca. 33% of benzyl alcohol by using 10%Ti-Bran catalyst, as compared to 33% yield to the target product (quantitative conversion of benzyl alcohol) using commercial pure TiO 2 (P-25). The photocatalytic activity results indicate that designed waste-derived nanomaterials with low TiO 2 content can efficiently photocatalyze the conversion of benzyl alcohol with relative high selectivity towards benzaldehyde.
Introduction
Environmentally friendly and energy-saving technologies are becoming increasingly advantageous with the increase of public awareness on environment protection and sustainable development. Since the discovery of photocatalytic splitting of water on TiO 2 electrodes (Fujishima and Honda, 1972) , semiconductor-based heterogeneous photocatalysis has received extensive attention and now is considered to be one of the most relevant and environmentally friendly technologies with advantages including simplicity, environmental compatibility, low-cost and energysaving.
To assess the photocatalytic activity of a semiconductor photocatalyst, several factors should be taken into consideration, including its stability, efficiency, selectivity and wavelength range response (Linsebigler et al., 1995) . Among various semiconductorbased photocatalysts, TiO 2 is one of the most attractive photocatalysts owing to its outstanding photocatalytic activity, high thermal and chemical stability, non-toxicity, cost effectiveness and the strong oxidizing power of the photogenerated holes. Massive investigations related to TiO 2 photocatalysts have been reported in different applications in the last decades, including chemicals and fuels production from CO 2 reduction (Adachi et al., 1994; Chen et al., 2015; Yu et al., 2014) , decontamination of water (Herrmann et al., 1999; Hoffmann et al., 1995; Yang et al., 2008) , organic synthesis (Colmenares et al., 2016; Higashimoto et al., 2009; Hubert et al., 2010; Ohno et al., 2003b ) and production of H 2 from water splitting (Chen et al., 2010; Ni et al., 2007) . However, the use of pure TiO 2 photocatalyst is limited by its large band gap (3.2eV, anatase crystalline phase) which requires light with wavelength l < 387 nm for the excitation of electrons from the valence to the conduction band, resulting that only 5% of the solar irradiation can be utilized for the photocatalytic process. Modifications on TiO 2 are necessary to improve its photocatalytic properties under solar irradiation or artificial light source. Modifications such as introductions of metals, dopants or combinations with other semiconductors are beneficial because they suppress the recombination of the photogenerated electron-hole pairs and thus increase the quantum yield of the photocatalytic process (Linsebigler et al., 1995) . Meanwhile, the newly created heterojunctions can help the photocatalyst expand the wavelength range response into visible light region.
Many reported investigations have revealed that doping with non-metal atoms, such as C, N, F, P or S, can significantly improve the photocatalytic activity of TiO 2 under visible light (Chang et al., 2005; Irie et al., 2003; Ohno et al., 2004 Ohno et al., , 2003a Sun et al., 2008; Wu et al., 2007) . Co-doping of C and N Yang et al., 2008) , metal and non-metal co-doping (Neville et al., 2012; Shen et al., 2008; were reported to render materials with high visible light response.
Selective oxidation of benzyl alcohol to benzaldehyde is an attractive research topic since benzaldehyde is extensively used in the food, perfumery and pharmaceutical industries, as well as precursor in other chemical industries and present in a wide range of commercial formulations. Moreover, the study of the conversion of benzyl alcohol to benzaldehyde can potentially provide basic reactivity and transformation strategies for the valorization of lignocellulose-based biomass (e.g. lignin). Photocatalytic oxidation of benzyl alcohol towards benzaldehyde with high selectivity has been reported in recent years (Colmenares et al., 2016; Higashimoto et al., 2009; Li et al., 2012; Marotta et al., 2011; Spasiano et al., 2013) , which provide a possible substitution to the traditional synthetic routes -either by benzyl chloride hydrolysis or through oxidation of toluene. A review on the transformation of biomass-derived compounds with heterogeneous photocatalytic nanomaterials was also recently reported .
In the present investigation, we have developed a novel, low cost TiO 2 photocatalytic nanocomposite (denoted as Ti-Bran) derived from the valorization of a widespread and highly abundant industrial waste such as wheat bran. Catalysts with different TiO 2 content on the wheat bran support were synthesized. The photocatalytic activity was tested by the oxidation of benzyl alcohol to benzaldehyde. Different techniques were applied in the characterization of the catalysts including Nitrogen physisorption, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Transmission Electron Microscopy (TEM) and UVeVis spectroscopy.
Material and methods
Titanium isopropoxide (IV), Sigma-Aldrich 99%, Wheat bran was kindly donated by a local company as a byproduct of wheat refining for food products. All remaining reagents including benzyl alcohol and acetonitrile (99%, Sigma-Aldrich) and related others were used as purchased.
Catalyst synthesis
For the catalyst synthesis, several different nanomaterials were prepared an investigated with the same quantity of waste starting material (wheat bran, 5 g) and different quantities of titanium isopropoxide as illustrated on Table S1 to reach different theoretical contents of titanium (from 0.5 to 10 wt%) in the final material. In a typical synthesis, the respective mixtures containing wheat bran (5 g) and the different quantities of titanium precursor were milled in a planetary ball mill RETSCH PM 100 model under previously optimized conditions (350 rpm, 30 min) (Francavilla et al., 2014) . 18 stainless steel balls (1 cm diameter) were utilized in the stainless steel milling chamber. After milling, the final powdery mixture was collected and subjected to calcination at 400 C for 5 h (heating ramp 3 C min À1 ) to partially remove the organic matter from the wheat bran, leaving a nice brownish Ti-Bran final product. Only a 6e15% of the weight of the initial mixture was obtained after calcination, indicating that most of the wheat bran (organic material) was eliminated in the calcination step. The temperature used for calcination was 400 C because of the preferential formation of anatase phase at lower temperatures (450 C and below) as compared to the formation of a rutile poorly active phase in photocatalysis obtained at higher temperatures .
Materials characterization
Nitrogen porosimetry studies were conducted in a Micromeritics ASAP 2000 volumetric adsorption analyzer at 77 K. Samples were degassed at 100 C during 24 h under vacuum (p < 10 À2 Pa) prior to analysis. The linear part of the BET equation
(partial pressures in the 0.05 and 0.30 range) was used to determine the specific surface area. The pore size distribution was calculated from the adsorption branch of the N 2 physisorption isotherms using the Barret-Joyner-Halenda (BJH) formula. The cumulative mesopore volume V BJH was obtained from the PSD curve. XRD patterns were obtained in a Bruker D8 DISCOVER A25 diffractometer equipped with a vertical goniometer under thetatheta geometry using Ni filtered Cu Ka (l ¼ 1,5418 Å) radiation and operated at 40 KeV and 40 mA. Wide angle scanning patterns were collected from 10 to 80 with a step size of 0.01 and counting time of 500 s per step.
The light absorption properties of the photocatalysts were investigated through UVeVis spectroscopy. UVeVis diffuse reflectance spectra were recorded on UV/VIS/NIR spectrophotometer Jasco V-570 equipped with an integrating sphere. The baseline was recorded using Spectralon™ (poly(tetrafluoroethylene) as a reference material. The Kubelka-Munk method based on the diffuse reflectance spectra was applied to determine the band gap function. The E g was calculated form (f(R)hn) 1/2 versus hn plots. The function f(R) was calculated from the following Equation (1):
XPS measurements were conducted at an ultrahigh vacuum (UHV) multipurpose surface analysis system (Specs™ model, Germany) at the SCAI in Universidad de Cordoba, operating at pressures <10 À14 MPa using a conventional X-Ray source (XR-50, Specs, Mg-Ka, 1253.6 eV) in a "stop-and-go" mode to reduce potential damage due to sample irradiation. The survey and detailed highresolution spectra (pass energy 25 and 10 eV, step size 1 and 0.1 eV, respectively) were recorded at room temperature using a Phoibos 150-MCD energy analyzer. Powdered samples were deposited on a sample holder using double sided adhesive tape and subsequently evacuated under vacuum (<10 À6 Torr) overnight.
Eventually, the sample holder containing the degassed sample was transferred to the analysis chamber for XPS studies. Binding energies were referenced to the C1s line at 284.6 eV from adventitious carbon. Transmission Electron Microscopy (TEM) images for selected TiBran nanocomposites were recorded in a FEI Tecnai G2 fitted with a CCD camera for ease and speed of use at the SCAI from Universidad de Cordoba. The resolution is around 0.4 nm. Samples were suspended in ethanol and deposited straight away on a copper grid prior to analysis.
ICP-MS experiments were conducted at the SCAI of Universidad de Cordoba. Prior to analysis and metal quantification, samples were prepared by treating 0.05 g of nanocomposite material with 1 mL concentrated HF (till complete dissolution of the powder) in special recipients. In some cases, a few drops of HNO 3 and HCl were also added to ensure complete dissolution of the samples, which were subsequently topped with milli Q water to 25 mL total volume. Samples were then immediately analysed in an ICP/MS Perkin Elmer ELAN-DRC-e model equipped with an automatic diluting injecting system and ionisation under Ar plasma followed by quadrupole ion detection with a DRC cell to remove potential interferences.
Photocatalytic activity experiments
The photocatalytic activity of the synthesized Ti-Bran catalysts was tested in the oxidation of benzyl alcohol to benzaldehyde. All reactions were performed in a Pyrex cylindrical double-walled immersion well reactor equipped with medium pressure 125 W mercury lamp (l ¼ 365 nm), supplied by Photochemical Reactors Ltd. UK (Model RQ 3010). A homogeneous suspension of the catalyst was obtained by means of magnetic stirring at 1100 rpm. Benzyl alcohol was prepared in acetonitrile medium with an initial concentration of 1.5 mM. The reaction temperature was set at 30 C. Experiments were performed from 150 mL of the mother solution with catalyst loading of 1 g/L under UV light for 4 h. Air bubbling was also applied with a flow rate at 25 mL/min. The reaction solution was put into dark environment for 30 min prior to the reaction in order to equilibrate the adsorption-desorption over the photocatalyst surface. At each sampling point, 1 mL sample was collected directly from the reactor and filtered (0.20 20 mm, 25 mm, nylon filters). High performance liquid chromatography (HPLC, Waters Model 590 pump) equipped with a Dual Absorbance Detector (Waters 2487) and the SunFire™ C18 (3.5 mm, 150 mm length, 4.6 mm inner diameter) column provided by Waters was applied to determine the concentration of the model compound. The mobile phase was Milli-Q water/acetonitrile/methanol in the volumetric ratio of 77.5: 20: 2.5 with 0.1% of H 3 PO 4 . The isocratic elution flow rate was 1 mL/min and the injection volume was 10 mL.
Results and discussion
The synthesized nanocomposites denoted as Ti-Bran were characterized using a number of analytical techniques. Nitrogen physisorption isotherms of Ti-containing nanocomposites indicated the presence of a certain interparticle macro/mesoporosity in the materials after the calcinations process, most probably due to the removal of some organics from the decomposition of wheat bran (Fig. S1 ). Materials were essentially non porous in nature, as expected from wheat bran, although the observed interparticle porosity was reflected in the observed not negligible surface areas (<20 m 2 g À1 , Table 1 ). XRD patterns compiled in Fig. 1 pointed to the clear presence of a distinctive anatase phase in the materials, together with the presence of additional crystalline phases (not quantified) of a range of metal oxides in low quantities including Zn, Mn and related trace elements detected in ICP/MS analysis (not quantified). All materials exhibited almost identical XRD patterns differing only in terms of the intensity of the main diffraction lines. The calculated titania nanoparticle size using the Scherrer equation from XRD patterns was of ca. 7e10 nm for all synthesized nanomaterials, slightly increasing at high Ti loadings in the materials (Table 1) .
Further XPS characterization studies confirmed the presence of incorporated Ti 4þ species (Ti2p3/2, 458.3 eV) in the materials as clearly illustrated in Fig. 2 . Interestingly, the fitting peak at ca. 454.5 eV in the Ti2p spectra of 0.5% Ti-Bran catalyst might be ascribed to the substitution of oxygen by carbon species in the TiO 2 lattice and formation of TieC bond which can also be observed in the C1s spectra from the peak at 282.2 eV (Liu et al., 2014; Sordello et al., 2014) . The difference in the fitting peak for Ti2p of 454.5 eV and 458.3 eV is potentially resulted from the presence of CeTieO bond in the TiO 2 lattice that the electronegativity of C (2.55) is lower than that of O (3.44) which results in more electron-rich in TieO bond and further affects the difference in binding energy. This may also indicate the lattice distortion due to the presence of C atom (Neville et al., 2012) , as similarly observed in the XPS spectra of other Ti-Bran catalysts. Ti content (Table 1) was also quantified via ICP/MS and was found to be in the range of 8e40 wt% of the final materials in the Ti-Bran samples after partial removal of the organics from wheat bran. Nevertheless, nanoparticle sizes could remain relatively small probably due to the mechanochemical process between the titania precursor and the wheat bran as well as to the partial (not complete) elimination of part of the organic phase from wheat bran in the calcinations. Indeed, these results were in good agreement with TEM images of the synthesized Ti-Bran nanocomposites which clearly depicted the presence of highly dispersed and homogeneously distributed titania nanoparticles (black dots) on the remnants of the wheat bran feedstock (Fig. 3) . The visualized nanoparticle sizes on TEM also correlated well with results of XRD patterns obtained using the Scherrer equation, with particle sizes around 10 nm (10% Ti-Bran) and even smaller (5e7 nm) for lower a Ti content measured by ICP/MS. b Nanoparticle sizes was calculated using the Scherrer equation as compared to average particle size by TEM (in brackets), respectively. loaded Ti-Bran nanocomposites (Fig. 3, top images) . Some titania aggregates could also be observed in TEM images of the synthesized nanocomposites although these were clearly minor. Optical absorption spectra of the synthesized photonanocomposites with different TiO 2 content are shown in Fig. S2 . As expected, the optical response of all the catalysts were extended into the visible light region with a slight enhancement of light absorption of all the samples achieved at a wavelength of around 400 nm as compared to that of pure anatase TiO 2 (<387 nm). The promotion of the light response could be attributed to the presence of carbon and trace elements which act as photosensitizer (Lettmann et al., 2001 ) and probably the newly created heterojunctions between TiO 2 and the carbon support. The average band gap of the synthesized samples is ca. 3.0 eV, reduced as compared to pure anatase TiO 2 (3.2eV). Details about the band gap energy and absorption threshold can be seen in Table S2 .
After careful materials characterization, the application of the synthesized photonanocomposites was subsequently investigated in the selective photo-oxidation of benzyl alcohol to benzaldehyde. A summary of photocatalytic activity experiments has been presented in Table 2 , while the comparison of photocatalytic performance in oxidation of benzyl alcohol between 10% Ti-Bran and other reported TiO 2 based catalysts was listed in Table S3 . The conversion of the controlled photolysis (blank reaction, in the absence of catalysts) was found to be negligible (<5%) after 4 h of illumination time, as well as the conversion with 0.5% Ti-Bran. Upon increasing Ti content, both conversion of starting material and yield of benzyl alcohol increased with the content of TiO 2 on the carbonaceous nanocomposite. The maximum yield of benzaldehyde (ca. 20% at 33% conversion of benzyl alcohol) was achieved for 10%Ti-Bran catalyst with a selectivity of over 60%. Comparatively, the P-25 Evonik titania photocatalyst provided a maximum of 33% yield, with quantitative conversion of starting material (mostly mineralization of benzyl alcohol takes place under the investigated conditions) (Colmenares et al., 2016) . Taking into account the titania content in both materials, we can conclude that the designed titania-wheat bran nanocomposites outperform commercial titania nanomaterials in the investigated selective photo-oxidation. The higher selectivity towards benzaldehyde for Ti-Bran nanocomposites (see Table 2 ) may be attributed to the incorporation of carbon atoms on the TiO 2 lattice. Additionally, researchers suggested that carbon acted as photosensitizer and the excited electrons could migrate to the conduction band of TiO 2 which would be transferred to surface-absorbed O 2 and forming superoxide anions. The superoxide anions could further convert to OH and initiate the reaction . Over-oxidation products including benzoic acid were observed in the experiments using catalysts with TiO 2 content !1.0%, although these were obtained in relatively minor quantities.
Conclusions
This contribution was aimed to illustrate the potential of valorizing agroindustrial waste into a range of valuable materials, chemicals and fuels. The use of wheat bran, a residue with numerous available from the agricultural industry, as feedstock for the design of innovative photocatalytic nanocomposites for advanced applications in the selective conversion of benzyl alcohol to benzaldehyde, a well-known specialty chemical with important applications in the food, fragrances and cosmetics industries. The use of a simple, efficient and environmentally friendly technology (ball milling, mechanochemistry) provided the possibility to synthesizing titania-containing nanocomposites with promising textural and surface properties and useful photocatalytic activities in the selected photo-oxidation process. The optimum nanocomposite (10% Ti-Bran) provided a 20% yield of benzaldehyde at 33% conversion of benzyl alcohol, comparable to that of P25 Evonik commercial titania utilized under the same conditions for comparative purposes. 
